in that our bodies are composed of multiple linkages and joints and a great number of muscles that thus yield a higher number of DoF than is required for the successful performance of a motor task (Bernstein, 1967; Latash et al., 2007; Scholz & Schöner, 1999) . To illustrate this, imagine sitting at a table while keeping the tip of your index finger at one position on the surface. You will find that you are still able to vary the joint angles of your arm (reflecting joint-angle flexibility) without affecting the position of your finger tip (signifying end-effector consistency). However, there also are joint-angle configurations that do affect the end position of the index finger, leading to increased end-effector variability influencing the end-effector consistency . For instance, with your finger still on the table, try to extend your elbow joint to the max. You will find that you cannot compensate for this by adjusting your wrist and shoulder, and consequently your index finger will have moved away from its original position. In the present study we applied the uncontrolled manifold (UCM) method to distinguish variability in joint-angle configurations that does not affect the position of the index finger from variability that does affect the position of the index finger (Domkin, Laczko, Djupsjöbacka, Jaric, & Latash, 2005; Latash et al., 2007; Scholz & Schöner, 1999) . In a pointing task, the UCM is a manifold that represents the set of joint-angle configurations of the arm with the index fingertip at a specific position. That is, variance within the UCM corresponds to variability in joint-angle configurations that does not affect the mean position of the index finger (V ucm ), whereas variance orthogonal to the UCM subspace (the ORT subspace) corresponds to the variability in joint-angle configurations that does elicit a deviation from the mean position of the index finger (V ort ).
As alluded to above, adults have been shown to utilize additional movement flexibility (V ucm ) in demanding situations (e.g., de Freitas et al., 2007; Dutta, Freitas, & Scholz, 2013; Yang, Scholz, & Latash, 2007) . When the task became more challenging, V ucm increased, while V ort had only slightly done so (de Freitas et al., 2007; Reisman, Scholz, & Schöner, 2002) . Thus, to meet increasing task demands, additional flexibility is exploited by increasing V ucm while keeping V ort as small as possible. This links to the results reported for end-effector consistency that showed no change when task demands increased. Adults, for example exploited their system's flexibility when the target location became more uncertain (de Freitas et al., 2007) or when the support surface of a sit-tostand movement became narrower (Reisman et al., 2002; Scholz, Reisman, & Schöner, 2001 ). However, little is known about when children are able to exploit additional flexibility of their motor system.
The main goal of the current study accordingly was to examine if and to what extent children in the ages between 5 and 10 years learn to exploit their DoF to achieve a greater movement flexibility when task demands of a pointing task increase. Of note here is that the flexible use of joint angles (V ucm ) can develop independently of end-effector consistency, implying that flexibility and consistency can also change independently of each other with increasing task demands. We therefore decided to also examine age-related changes in movement consistency by looking both at variable errors (VEs; dispersion of endpoint positions of the index finger around the target) and constant errors (CEs; mean deviation from the goal). To create different demanding pointing conditions, we manipulated the certainty of the pointing location as was done by de Freitas et al. (2007) . Participants first performed a block of unconstrained pointing movements from a start location to a certain target location (nonchallenging condition), followed by a block in which the target could either switch locations at movement onset or stay in its original location (challenging condition).
Studying developmental trends of errors in a simple, non-challenging pointing task in 5 to 10-year-old children, previous research showed constant and variable errors to decrease with increasing age (Favilla, 2006; Ferrel, Bard, & Fleury, 2001; Hay, 1979) . To our knowledge, our group (Golenia, Schoemaker, Otten, Mouton, & Bongers, 2018) was the first to investigate the development of flexibility in a nonchallenging pointing condition, showing that both V ucm and V ort decreased with age. In our present study, we will be the first to examine possible changes in flexibility (an increase in V ucm ) in 5-to 10-year-old children in response to changes in the constraints of a pointing task.
| ME THOD

| Participants
A statistical a priori power analysis was performed for sample size estimation based on data from Golenia et al. (2018) . With an α = 0.05 and power = 0.80, the projected sample size needed to find an interaction effect was N = 64 for a between/within group comparison (GPower 3.1). The final study sample consisted of a total of 57, with 42 typically developing right-handed children and 15 right-handed young adults, thus, our sample size of 57 is close to being adequate for the main objective of this study. The included children were aged between 5 and 10 years and recruited from local sport clubs and mainstream elementary schools. Prior to the experiment, children completed the Movement Assessment Battery for children-2nd Edition (MABC-2; Henderson, Sugden, & Barnett, 2007) , which provides an indication of motor functioning across fine and gross motor tasks for children aged 3 to 16 years, with typical development being indicated by a score above the 16th percentile. All children included in the study scored above this threshold, signifying typical motor development (M = 63.8%, range = 25-98%). For the analyses, the children were divided into three age groups (see Table 1 ). The adult participants were aged between 20 and 25 years and were recruited through word of mouth at Groningen University. Adult participants had no motor impairments of the upper extremities.
The ethics committee of the Center for Human Movement Sciences, University Medical Center Groningen, approved the study. The adult participants and the children's parents or legal guardians provided their written informed consent prior to the experiment.
| Experimental setup
To examine the position of the index finger and the joint-angle configurations of the arm, 3D position data of all segments of the right arm were collected (with a sampling of frequency 100 Hz) using two Optotrak 3020 system sensors (Northern Digital, Waterloo, Canada).
In total, six rigid bodies (each with three LED markers) were attached to the participant's right arm and trunk (van Andel, Wolterbeek, Doorenbosch, Veeger, & Harlaar, 2008) . The first rigid body was attached to the index finger such that it splinted the finger to prevent motion of the interphalangeal joints given that the finger was considered as one segment in the analysis. The other five rigid bodies were triangular shaped and attached to the dorsal surface of the hand, the lower arm, the upper arm, the acromion, and the sternum (Figure 1 ).
Nineteen anatomical landmarks were digitized using a standard pointer and linked to the positions of the rigid bodies (van Andel et al., 2008) .
This allowed extraction of the position of the fingertip and the computation of nine joint angles of the shoulder, elbow, wrist and finger.
The task was performed at a black table (height = 72 cm) with a large television screen (Panasonic, 62*111 cm) integrated into the tabletop on which the trials were presented using Presentation 
| Procedure and design
Pointing movements were first performed in a non-challenging and then in a challenging condition. In the nonchallenging condition, the participants performed 30 pointing movements to the same, fixed target position (center target). Each trial started as soon as they had adopted the start posture. Participants initiated the pointing movement at their own convenience after hearing a beep that was emitted at a random interval of 1.0-1.5 s after the target location TA B L E 1 Anthropometric data of all participant groups and MABC-2 scores for the three children groups F I G U R E 1 Experimental setup. A bird's eye view of a participant seated in front of the table with the integrated television screen with the experimenter ensuring the starting position. The participant is loosely strapped (vertical gray bars) to the chair, with the right elbow placed on the elbow rest (horizontal gray bar) and the index finger resting on the start location. The triangles (shoulder, arm, hand) and the rectangle (finger) represent rigid bodies (the rigid body on the sternum cannot be seen in this schematic representation) had appeared on the display. They were instructed to perform a pointing movement with the tip of the index finger from the start location to the target as fast and as accurately as possible, where the tip of the index finger had to move unconstrained through 3D space using joint rotations of the whole arm. Note that the elbow needed to be lifted from the elbow rest to perform the movement.
The trial ended with holding the finger on its reached end position for a short period of time. This implies that children could see whether they reached the target or not. No additional knowledge of the results was provided.
After the nonchallenging block, participants performed 120 more challenging trials in which the target location was uncertain.
As in the nonchallenging condition, the center target was presented on the screen but now, upon movement initiation, either remained there or unexpectedly "jumped" to a new location 10 cm to the left or right of the center target on a 25-cm radius (with the new targets also being 2-cm diameter circles). The procedure and instructions were the same as in the non-challenging condition with the difference that lifting the index finger to start the movement caused the target to either remain in place or change location, where the "jump" occurred randomly 0, 50 or 100 ms after movement onset. Trials were divided into three blocks of 30 trails, with each block containing 10 constant-target trials and 20 "jumping target" trials (10 to each side) presented in a pseudorandomized order. Short breaks were allowed between blocks.
| Data analysis
For all analyses, customized data-analysis programs were developed in Matlab (MathWorks; Natick, Massachusetts). It is relevant to note here that we only entered the 30 "non-jump" trials from the challenging condition into our analyses to allow a comparison of similar pointing movements, where those executed in the challenging condition only differed from those in the non-challenging condition due to the target uncertainty. To determine the initiation and termination of the pointing movements, a backward (movement initiation) and forward (movement termination) search was performed from the maximum in the tangential velocity profile of the tip of the index finger with the threshold being set at 5 cm/s. The first point below this threshold was taken to reflect the initiation and the termination of the pointing movement. To verify that both points were determined correctly, each trial was checked visually. All variables were analyzed at movement termination.
| Variable and constant errors
Target consistency was based on the difference vector between the center of the target position and fingertip position at movement termination. The VE (within-subject standard deviation of the difference) was calculated to characterize the dispersion of the endpoint positions around the target. In addition, we calculated the CE (mean deviation from the target).
| Joint angle configurations
Nine joint angles of the arm were calculated at movement termination as proposed in the International Society of Biomechanics (ISB) standardization proposal for the upper extremity by Wu et al. (2005) : shoulder plane of elevation, shoulder elevation, shoulder inward-outward rotation, elbow flexion-extension, elbow pronation-supination, wrist flexion-extension, wrist abduction-adduction, index finger flexionextension, and index finger abduction-adduction. Variability in joint configurations was examined with the UCM method at movement termination as previously described in the literature (Domkin et al., 2005; Latash et al., 2007; Scholz & Schöner, 1999; Tuitert et al., 2017; Verrel, 2011) . The joint angles of the arm were the elemental variables and the performance variable was the position of the index finger. The relations between changes in elemental variables and changes in the performance variable were computed using multiple regressions (de Freitas & Scholz, 2010; Krishnamoorthy, Scholz, & Latash, 2007; Tuitert, Valk, Otten, Golenia, & Bongers, 2018) and united in a Jacobian matrix (Domkin et al., 2005; Verrel, 2011) . The null space of the Jacobian matrix was used as a linear approximation of the UCM. V ucm and V ort were computed by projecting the total variance in joint space onto the linear approximation of the UCM (V ucm ) and the orthogonal complement (V ort ), respectively. Note that, although our interest is primarily in V ucm , we also present V ort to give an indication of the variability in joint angles that led to end-effector displacement. To correct for non-normal data distribution, V ucm and V ort were log transformed prior to the statistical analysis (Verrel, 2010) . Figure 2 and 3 display the values before log transformation.
| Statistical analysis
Repeated measures ANOVAs on VE, CE, V ucm and V ort were performed using SPSS version 20.0 (IBM, Armonk, New York). Pointing condition (nonchallenging, challenging) was the within-subject factor and age group (5-6, 7-8, and 9-10-year-olds, and adults) the between-subjects factor. Post-hoc tests were performed with Bonferroni correction. If the assumption of sphericity was violated, the Greenhouse-Geisser correction was applied. The level of significance was set at α < 0.05. Generalized eta-squared, η 2 G , (Bakeman, 2005) was used to calculate effect sizes and interpreted according to Cohen's recommendation of 0.02 for a small effect, 0.13 for a medium effect, and 0.26 for a large effect (Cohen, 1988) . For the t-tests, measures of effect size (r) were used.
| RE SULTS
We removed 544 of the total of 3,420 trials from the dataset, with trials being excluded when at least one variable could not be determined because of the occlusion of rigid bodies (mostly markers on the rigid body of the sternum that were obscured by the children's chins) or when the task was performed incorrectly (e.g., movements initiated before the beep). This left 2,876 (84%) trials for our analyses.
| Constant and variable error
The repeated measures ANOVA on VE revealed a significant age group effect, F(3,53) = 13.83, p < 0.001, η 2 G = 0.32 (Figure 2a) . Post-hoc tests showed that the VEs of all children groups were significantly larger than those of the adult group (p´s < 0.002). The repeated measures ANOVA on CE also only demonstrated a significant effect of age group, F(3,53) = 13.18, p < 0.001, η 2 G = 0.36 (Figure 2b) . Post-hoc tests showed that CEs of all children groups were significantly larger than those of the adult group (p´s < 0.009) and that the CEs were larger for the 5-6-year-olds compared to those for the 7-8-year-olds (p = 0.049).
| Joint angle configurations
| V ucm
The repeated measures ANOVA on V ucm revealed a significant main effect of age group, F(3,53) = 39.56, p < 0.001, η 2 G = 0.67, showing that V ucm decreased with age. Post-hoc test showed that V ucm was significantly different for most age groups (p´s < 0.049) except for the 7-8 and the 9-10-year-olds. A significant main effect of condition, between these two groups in the two experimental conditions, we see that only two of the 9-10-year-olds (the two youngest children in this age group, as Figure 3a shows) have the same difference magnitude as the adults. However, this effect is masked due to the scale of the axes since the axes for the child data cover a larger range than those for the adults. When we take into account the V ucm levels in the nonchallenging condition, the relative difference in the 9-10-year-olds and the adults is similar. The V ucm increase in the children in the challenging condition should therefore also be looked at in terms of this relative difference. Nonetheless, the interaction effect could still mostly result from the two children in this age group in whom V ucm increased more than in their age peers. Having conducted the repeated measures ANOVA again while excluding these two children from the analysis, we found that the interaction effect between condition and age group was still significant (p = 0.001).
| V ort
The repeated measures ANOVA on V ort demonstrated a significant main effect of age group, F(3,54) = 54.33, p < 0.001, η 2 G = 0.63, showing that V ort decreased with age ( Figure 2d ). Post-hoc testing showed that V ort was significantly different for most age groups (p´s < 0.011) but not for the 7-8 and the 9-10-year-old children. The main effect for pointing condition was small but significant, F(1,54) = 5.51, p = 0.023, η 
| D ISCUSS I ON
Goal-directed actions become truly functional and skilled when they are consistent yet flexible (c.f., Adolph & Robinson, 2015; Black, Smith, Wu, & Ulrich, 2007; Rachwani et al., 2017; Vereijken, 2010) . To explore the development of motor flexibility and consistency, we had 5-10-year-old children and adults perform a pointing task while manipulating the target location (certainty versus uncertainty). Movement flexibility was reflected in the usage of multiple arm-joint configurations that did not affect the position of the index finger (V ucm ) and end-effector consistency by variable and constant error. We found a main interaction effect between pointing condition and age group for V ucm , where the children in the 9-10-year group and the adults showed higher V ucms in F I G U R E 3 Individual data of V ucm and V ort . Panel a shows the V ucms for the nonchallenging (black circles) and the challenging (gray circles) condition for the children (left) and the adult participants (right). Panel b depicts the V orts for the non-challenging (black circles) and the challenging (gray circles) condition for the children (left) and the adult participants (right). Note that the axis ranges in the children's and adult graphs are different, with the former being larger, where the relative difference between the two conditions should, therefore, be taken into account when interpreting the differences between conditions the challenging condition whereas the other two age groups (5-6 and 7-8 years) showed no such condition-specific differences. V ort (joint angle variability affecting the position of the index finger) on the other hand, showed no interaction between condition and age although it was marginally larger in all age groups in the challenging condition, with target errors being rather similar across conditions, indicating that the challenging condition had not affected end-effector consistency. The developmental trends for condition were similar for V ucm and V ort , as both measures were highest in the 5-6-year-olds, decreasing in the 7-8-year-olds, plateauing in the 9-10-year-olds and further decreasing until adult level. Overall, the children made more errors than the adult participants. The results thus revealed general developmental changes in consistency and flexibility during middle childhood: the children's end-effector movements became more consistent while their movement execution became less flexible.
Most notably, from the age of 9 years the children in our sample showed that they were able to exploit their DoF by showing more flexibility with increasing task demands.
Our question whether the use of flexibility was age-dependent was prompted by the results of previous studies in adults, who used additional flexibility when demanded by the situation (e.g., de Freitas et al., 2007; Dutta et al., 2013; Reisman et al., 2002; Yang et al., 2007) . The results we found for our adult participants were in line with the findings by de Freitas et al. (2007) : when the task became more challenging, V ucm increased, while V ort only marginally increased. Also, their end-effector consistency remained similar across conditions and was thus not affected by task difficulty. This underscores the suggested advantages of increased flexibility (c.f., Latash, 2000; Latash, 2012; Reisman et al., 2002) . Like Freitas et al.
(2007), we pose that increasing flexibility appears to facilitate motor performance under challenging conditions. As it were the older children (12 of the 15 9-10-year-olds) only that, similar to the adults, showed increased V ucm without substantially increasing V ort when challenged, we suggest that the ability to exploit more flexibility does not develop until the age of 9-10 years. Developing the ability to increase V ucm without substantially increasing V ort is important, because the increased employment of joint angle configurations reflects additional flexibility. It also shows that they tailored the flexibility in their motor behavior to changing task constraints Rachwani et al., 2017) . Crucially, their movement execution became more flexible without their end-effector consistency being negatively affected, which, arguably, may even reflect an enhanced control strategy. That is, the employment of more joint angle combinations that do not affect task success might reduce the influence of perturbations that occur due to the uncertainty about the target location. In doing so, the 9 and 10-year-olds and the adults took advantage of the available motor abundance.
A secondary finding was the age-related change in the general level of flexibility and consistency, where, significantly, flexibility was higher in younger children, with the decline in V ucm going hand in hand with a decrease in V ort and errors. These developmental trends are in line with the trends we observed in our earlier nonchallenging pointing task . Also, the adult V ucm and V ort values are in line with those found in other studies (de Freitas et al., 2007; Tuitert et al., 2017; Yang et al., 2007) , showing that the high V ucm and V ort values we recorded in the children are actually higher than those generally reported for adults. But what do these higher values in children reflect? Because the developmental trend for V ucm and V ort was alike, we need to consider both indices for a plausible interpretation of the developmental trend in flexibility we observed.
As we suggested previously , an increased V ort in younger children may be related to changes in the general stability of their neuromotor system. Throughout middle childhood, the whole body is continuously changing, where, for example, body proportions such as length and mass fluctuate (Malina, Bouchard, & Bar-Or, 2004 ), postural control accompanying pointing movements develops (van der Heide, Otten, van Eykern, & Hadders-Algra, 2003) , and neurological changes occur (Kandice Mah & Lee Ford-Jones, 2012) . All these developmental dynamics may then result in a less stable system, thereby explaining the high V ort . To compensate for this V ort increase, V ucm may need to be increased to counter the variability in joint angles that destabilizes the index-finger position (which has also been suggested in the literature; Black et al., 2007; Greve et al., 2015) . As children grow older, both V ort and V ucm decrease, resulting in more consistent endpoint movements as well as a decreased flexibility in movement execution.
Although the condition-age interaction for V ucm appears to reflect an enhanced control strategy, we should also consider alternative explanations given that the plateau for V ucm recorded for the 7-8 and 9-10-year-olds in both conditions seems to question this interpretation. The absence of a V ucm difference for these two age groups in the challenging condition may point to stagnation in motor development. To explore this alternative explanation, future studies could conduct a learning experiment similar to that used by Contreras-Vidal (2006) and King, Kagerer, Contreras-Vidal, Clark, 2009, and J. E. (2009) in which children are exposed to a visuomotor distortion, by which a conflict is created between the visual feedback of the hand position and the actual hand position. Mastering the task then implies having to learn a new mapping between what is seen and how to move. If 9-10-year-olds show more flexibility than younger peers, as reflected by an increase in V ucm when learning this new mapping (c.f., Yang & Scholz, 2005) , this may imply that the V ucm increase in the older-aged children exhibited in the current study reflects an enhanced control strategy.
As to limitations, it needs mentioning that our study may have been confounded by using a single pointing distance for all age groups, which means that the target distance was not related to the lengths of the participants' arms. With their arms being shorter, the task may accordingly have been more difficult for the younger children, which may have affected the results. However, in our earlier study we had scaled the target distance to the mean arm length of each age group and found similar age-specific effects. Also, consistency was rather high (VE not exceeding 3.5 mm and CE not exceeding 6 mm), which indicates that al children met the task demands and reached the target in most trials.
In summary, investigating the development of consistency and flexibility in pointing movements during middle childhood, we found that, in line with an earlier study of ours and other studies, in a group of 5 to 10-year-old children end-effector consistency increased and flexibility in movement execution (i.e., the variability in joint angle configurations) decreased with age. We confirmed that, if required by the situation, adults exploit their system's flexibility. Importantly, our results suggest that children are able to do so from the age of 9 years and not before.
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